Full understanding of the functional complexity of the protein interactome requires mapping of biomolecular complexes within the cellular environment over biologically relevant time scales. New approaches to imaging interacting protein partners in vivo will allow the study of functional proteomics of human biology and disease within the context of living animals. Herein, we describe a universal transgenic reporter mouse strain that expresses firefly luciferase (Fluc) under the regulatory control of a concatenated Gal4 promoter (Tg G4F(؉/؊) ). Using an adenovirus to deliver a fused binding-domainactivator chimera (Gal4BD-VP16), induction of bioluminescence in Tg G4F(؉/؊) tissues of up to 4 orders of magnitude was observed in fibroblasts, liver, respiratory epithelia, muscle, and brain. The Tg G4F(؉/؊) reporter strain allowed noninvasive detection of viral infectivity, duration of the infection as well as viral clearance in various tissues in vivo. To demonstrate protein-protein interactions in live mice, the well characterized interaction between tumor suppressor p53 (fused to Gal4BD) and large T antigen (TAg) (fused to VP16) was visualized in vivo by using a two-hybrid strategy. Hepatocytes of Tg G4F(؉/؊) mice transfected with p53/TAg demonstrated 48-fold greater induction of Fluc expression in vivo than noninteracting pairs. Furthermore, to demonstrate the feasibility of monitoring experimental therapy with siRNA in vivo, targeted knockdown of p53 resulted in markedly reduced light output, whereas use of a control siRNA had no effect on protein interaction-dependent induction of Fluc. Thus, this highly inducible Gal43Fluc conditional reporter strain should facilitate imaging studies of protein interactions, signaling cascades, viral dissemination, and therapy within the physiological context of the whole animal.
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luciferase ͉ molecular imaging ͉ p53 ͉ protein-protein interactions ͉ transgenic reporter mouse P rotein-protein interactions are fundamental to living systems, mediating many cellular functions, including signal transduction, cell cycle progression, apoptosis, and metabolic control. On a whole organism scale, protein-protein interactions regulate signals that affect overall homeostasis, patterns of development, normal physiology and disease in living animals (1-3). Protein-protein interactions also have considerable potential as therapeutic targets (4, 5) . Traditional techniques in biochemistry for isolation and purification of protein complexes tend to select for only the most robust of interactions, whereas weak and transient protein interactions escape detection (6) . Furthermore, many protein interactions arise from host-cell interactions in tissue-specific pathways that cannot be investigated fully with in vitro systems. Thus, there is considerable interest in imaging signal transduction and proteinprotein interactions noninvasively in their normal physiological context within living organisms (7) . Previous strategies have used transcriptional modification, activated signal transduction, or modification of enzymatic activity to generate readily observable biological or physical reporter readouts (8, 9) .
Molecular imaging has become an important technology to noninvasively assess and monitor biological processes in vivo. In recent years, various reporter systems have been developed allowing analysis of dynamic processes of transcriptional regulation, gene expression, protein-protein interactions, signal transduction, and regulatory pathways in living animals in physiological as well as disease contexts (for reviews, see refs. [10] [11] [12] . Cell trafficking and oncogenic transformation as well as targeted drug action can be followed over time using noninvasive imaging strategies (13) (14) (15) . Furthermore, use of luciferases to tag genes, cells, and pathogens has proved to be a versatile tool to study infection (16) .
Fundamentally, the detection of physical interaction among two or more proteins can be assisted if association between the interactive partners leads to the production of a readily observed biological or physical readout (8) . Besides endogenously regulated systems, inducible strategies have been developed that allow regulation of transduced genes in response to exogenous triggers (10) . Among the various inducible systems that have been established, one widely known platform is based on an inducible reporter driven by a chimeric transcription factor comprising the DNA-binding domain from the yeast transcription factor Gal4 (Gal4BD) and the activation domain from the VP16 protein (VP16) of herpes simplex virus (HSV-1) (17, 18) . When fused to interacting proteins of interest, the separate DNA-binding domain (BD) and activator domain (AD) of the chimeric transcription factor are brought together within the cell nucleus to transactivate a reporter gene. This system has been used to study protein-protein interactions in living animals by injecting cell lines stably expressing components of a two-hybrid system (19) (20) (21) , but the usefulness can be expanded to various other cellular processes.
To facilitate the study of regulated protein-protein interactions and macromolecular assemblies in cells and living animals in vivo, we herein describe the generation of a transgenic Gal43Fluc reporter mouse strain that expresses the firefly luciferase gene (Fluc) under the regulatory control of the Gal4 promoter, commonly used in yeast and mammalian two-hybrid systems. This universal reporter mouse enabled the monitoring of proteinprotein interactions, viral progression, and experimental therapeutics in vivo.
Results

Expression of Gal43 Fluc Transgene in Cells.
The transgene construct uses a Gal4-TATA promoter to regulate expression of firefly luciferase (Fluc) as depicted in Fig. 1A . As a first test toward confirming induced transactivation in living cells and to confirm the biochemical integrity of the construct, we selected and expanded a stable HeLa cell line expressing the Gal43Fluc reporter construct Author contributions: A.P., G.D.L., and D.P.-W. designed research; A.P., J.L.P., and G.D.L. performed research; A.P. and G.D.L. contributed new reagents/analytic tools; A.P., J.L.P., and D.P.-W. analyzed data; and A.P., G.D.L., and D.P.-W. wrote the paper.
(HeLa Fluc #43). After transfection with a positive control vector pM3-VP16 that expresses a fusion of the Gal4BD to the VP16, we imaged cells using a cooled CCD camera system. As shown in Fig.  1B , there was no detectable signal in mock transfected cells compared with a 43-fold induction of signal in cells transfected with the fusion transactivator.
Generation of a Gal43 Fluc Transgenic Mouse. DNA was injected into pronuclei of FVB oocytes, embryos transferred to pseudopregnant FVB mice, and the resulting animals screened for the presence of the transgene. To confirm integration of the luciferase expression cassette into the mouse genome, tail DNA samples were analyzed by PCR, using primers that amplified the entire 1.6-kb coding region of Fluc. Four founder lines were established and bred for 9 generations. In one line, the transgene (Tg) was stably expressed and passed to offspring in near Mendelian ratios. Fig. 1C shows the PCR result of a positive heterozygous offspring (hereafter referred to as Tg G4F(ϩ/Ϫ) ), a negative littermate (WT), and pGL3 as a positive control for Fluc.
We next isolated mouse embryonic fibroblasts (MEFs) on day 13.5 from the selected line of transgenic animals. MEFs from a WT embryo and a positive embryo (Tg G4F(ϩ/Ϫ) ), as verified by PCR genotyping, were treated with either vehicle or 4 ϫ 10 7 pfu of the adenovirus Ad5Gal4BD-VP16 (Ad-Gal4). The adenovirus was engineered from the same fusion construct (Gal4BD fused to VP16) as the positive control vector used in earlier experiments. Upon bioluminescence imaging 24 h postinfection, photon flux emitted by Ad-Gal4-infected MEFs from the Tg G4F(ϩ/Ϫ) embryo were induced 1,000-fold compared with the uninducible infected WT MEFs (Fig. 1D) .
We also tested primary adult skin fibroblast cells derived from either a WT mouse or a Tg G4F(ϩ/Ϫ) littermate. To transfect these primary cells with pM3-VP16, we used a nucleofector device and cotransfected with Renilla luciferase as a transfection control. The Fluc/Rluc signal ratio in positive Tg G4F(ϩ/Ϫ) mouse fibroblasts was 6.5-fold higher than fibroblasts from a negative WT littermate (data not shown).
Expression of Gal43 Fluc Transgene in Living Animals. To show that the transactivated reporter gene could be imaged in living animals, we administered Ad-Gal4 (1.4 ϫ 10 7 pfu per mouse) by tail vein injection into Tg G4F(ϩ/Ϫ) and negative (WT) mice (n ϭ 3 for Tg G4F(ϩ/Ϫ) , n ϭ 2 for WT). We obtained an image of the mice before treatment (day 0), then injected the virus, and began imaging 24 h after viral administration ( Fig. 2A) . Signals arising from Fluc expression in the abdomen progressed for 14 days, wherein the signal declined back to almost pretreatment levels (Fig. 2B) . A low baseline whole body signal Ϸ10-fold above instrument background noise could be detected in Tg G4F(ϩ/Ϫ) mice from this founder line in the pretreatment images. Nonetheless, signal transactivation on day 1 after viral treatment was almost 4 orders of magnitude over baseline (6,000-fold induction), achieving photon flux values of Ͼ10 10 photons/sec. Because of the highly inducible nature of the photon output, images on day 0 were obtained with different exposure and binning settings compared with the rest of the experiment, otherwise, remarkably, signal output from induced Tg G4F(ϩ/Ϫ) mice would have saturated the CCD camera. As a control, Tg G4F(ϩ/Ϫ) mice were also injected with an off-target adenovirus, Ad5CMVCre (Ad-Cre), at the same pfu per mouse and imaged as described. Ad-Cre had no effect on transactivation of the reporter gene, as shown on day 2 (Fig. 2 A) . Photon flux values were comparable with WT mice.
For refined imaging on day 2, organs (liver, spleen, kidney, and . Signal from the liver of an Ad-Gal4-treated mouse was 3-log greater than the liver of an Ad-Cre-treated mouse. Modest signal was also detectable from the spleen and kidney of the Ad-Gal4-treated mouse, whereas low basal activity was observed in the hearts of both.
heart) from several Tg G4F(ϩ/Ϫ) mice administered Ad-Gal4 or Ad-Cre were imaged ex vivo. Signal detected in the heart of both animals represented a low organ-specific basal activity in this transgenic mouse strain. However, as expected after Ad-Gal4, induced signal was highest from the liver, with photon flux values of Ͼ10 9 photons/sec observed, 3 orders of magnitude above the signal from the liver of an Ad-Cre-treated mouse (Fig. 2C) . Signal was also induced in the spleen and kidney in Ad-Gal4-treated mice.
Panexpression of Gal43 Fluc Transgene.
To test for transactivation of the transgene in multiple tissues, we also delivered the transactivating virus Ad-Gal4 through inhalational, intramuscular, and intracranial routes. To control for nonspecific effects, Tg G4F(ϩ/Ϫ) mice were also treated with an off-target virus (Ad-Cre).
Nasal delivery of Ad-Gal4 (2 ϫ 10 6 pfu per mouse in 10 l of PBS) resulted in a steady signal increase when compared with the pretreatment image on day 0 (Fig. 3A) . Imaging signals were highest after 3 days, showing a 50-fold increase over background (Fig. 3B ), but were detectable only in nasal passages in living animals. To determine whether signal was also induced in the lungs, several mice were killed on day 3 and imaged through an open chest cavity. The reporter transgene was clearly activated in the lungs of Ad-Gal4-treated mice, whereas no signal was detected in the control Ad-Cre-treated animal (Fig. 3C) .
For intramuscular delivery, Tg G4F(ϩ/Ϫ) mice were injected with Ad-Gal4 (2.3 ϫ 10 5 pfu in 50 l of PBS) on one side and injected with vehicle alone or Ad-Cre on the other side (Fig. 3D ). The observed signal increase was highest after 3 days with an induction of 22-fold above background (vehicle mock). Because of the low signal induction from this delivery method, the signal was followed for 4 days only (Fig. 3E ). Tg G4F(ϩ/Ϫ) mice administered control Ad-Cre virus did not show any significant signal induction, even after imaging the muscle ex vivo (shown on day 3 in Fig. 3F ).
For intracranial delivery, Ad-Gal4 (2 ϫ 10 6 pfu per mouse in 10 l of PBS) was injected over 2 minutes into a site 2 mm lateral and posterior of the bregma and 3 mm below the dura. Signal 24 h after injection was 15.6-fold higher in Tg G4F(ϩ/Ϫ) mice than in a negative WT mouse (Fig. 3G ). The signal remained elevated for 7 days and then started to decline (Fig. 3H ).
Imaging Protein-Protein Interactions in Vivo.
To demonstrate that protein-protein interactions could be visualized in vivo using this genomic transactivating strategy, we used the well characterized interaction between the tumor suppressor p53 and large T antigen (B) Signal progression of the mice was followed for 9 days until the signal declined back to almost pretreatment levels and is shown as total photon flux plotted over time. Data are presented as mean Ϯ SEM (n ϭ 3 each); error bars for WT are smaller than symbol size. (C) Tg G4F(ϩ/Ϫ) mice administered Ad-Gal4 or off-target Ad-Cre (as indicated) were imaged through an open chest cavity on day 3. Signal was detectable from the nasal passages and lung of only the Ad-Gal4-treated mouse. (D) Tg G4F(ϩ/Ϫ) and WT mice were injected with 2.3 ϫ 10 5 pfu per mouse of Ad-Gal4 (right calf muscle) and with vehicle (left calf muscle). Mice were imaged on day 1 (24 h after virus injection) and followed over time. Images from a representative Tg G4F(ϩ/Ϫ) mouse are shown. (E) Signal progression of Fluc activity was followed for 4 days and is shown as total photon flux plotted over time. Data are presented as mean Ϯ range (n ϭ 2 each); error bars for WT are smaller than symbol size. (F) Tg G4F(ϩ/Ϫ) mice were injected identically with Ad-Gal4 (right calf muscle) or with Ad-Cre (left calf muscle). Muscles were excised on day 3 and imaged ex vivo. (G) Tg G4F(ϩ/Ϫ) and WT mice were injected intracranially with 2 ϫ 10 6 pfu per mouse of Ad-Gal4 2 mm lateral and posterior of the bregma and 3 mm below the dura. Mice were imaged before treatment with virus (day 0) and then followed over time, starting with 24 h postinjection. Images from a representative Tg G4F(ϩ/Ϫ) mouse are shown. (H) Signal progression was followed for 9 days and is shown as total photon flux plotted over time. Data are presented as mean Ϯ SEM (n ϭ 3 for Tg G4F(ϩ/Ϫ) mice) and without error bars for WT (n ϭ 1).
(TAg) from SV40. p53 was fused to the Gal4BD, whereas TAg was fused to the activator domain from VP16. As a control negative, noninteracting partner of p53, we used the polyoma virus coat protein (CP) fused to VP16.
To transfect hepatocytes of the Tg G4F(ϩ/Ϫ) reporter mice in vivo with various protein pairs (interacting p53/TAg or noninteracting p53/CP) as well as each protein by itself, we used the hydrodynamic somatic gene transfer method. Renilla luciferase (Rluc) driven by the CMV promoter was added to the plasmid mixture and used to control for efficiency of plasmid delivery. Mice were imaged for Renilla expression first, and generally we found that the bioluminescence output was similar in all imaged mice, providing evidence that all plasmids were delivered and processed in equal amounts in these animals. After the signal from Rluc had declined to background levels (Ϸ4 h), mice were imaged for Fluc expression (Fig. 4A) .
Only the interacting pair induced Fluc expression in the liver, showing 48-fold induction. Data from all mice are represented as total flux of Fluc over total flux of Rluc (Fig. 4B) . The mean interacting protein Fluc/Rluc ratio was 7.3, whereas the noninteracting protein Fluc/Rluc ratio was 0.15.
Use of siRNA to Modulate Protein-Protein Interactions in Vivo. Having shown that protein-protein interactions could be visualized in vivo, we wanted to test whether we could modulate the interaction between p53 and TAg. Therefore, we introduced a shRNAi against p53 into the in vivo experimental protocol. Hepatocytes of the Tg G4F(ϩ/Ϫ) reporter mice were transfected with the protein pair p53/TAg together with the empty shRNAi vector (shRNAi-control) or the shRNAi vector against p53 (shRNAi-p53). Again, Rluc was added to control for efficiency of plasmid delivery, and imaging was performed as described. As expected, shRNAi-control had no effect on the spontaneous interaction between p53 and TAg to transactivate expression of Fluc. Knockdown of p53, however, was efficient and modulated the interaction-dependent transactivation of Fluc (Fig. 5A) . Data from all Tg G4F(ϩ/Ϫ) mice were represented as normalized Fluc over Rluc activity and showed that knockdown of p53 reduced bioluminescence output to only 4.5% of the shRNAicontrol-treated mice (Fig. 5B) . To independently document equivalent hepatocellular delivery of the plasmids encoding the interacting proteins (p53 and TAg), DNA from livers was extracted after in vivo imaging. PCR amplification of Gal4BD and VP16 sequences confirmed the equal presence of p53 (fused to Gal4BD) and TAg (fused to VP16) plasmids in both treatment groups (Fig. 5C) . Therefore, because plasmid delivery was equal, we concluded that the decrease in bioluminescence signal was attributable to abrogated expression of p53 fusions arising from interference mediated by shRNAi-p53.
Discussion
In this study, we engineered a transgenic reporter mouse (Tg G4F(ϩ/Ϫ) ) that expresses firefly luciferase (Fluc) under the regulatory control of a concatenated (5ϫ) Gal4 promoter. The reporter gene, highly responsive to a two-hybrid transactivation strategy, was inducible in all tissues tested, including liver, spleen, kidney, respiratory epithelia, lungs, muscle, and brain, as well as MEFs and primary adult mouse fibroblasts derived from the mice. Using in vivo bioluminescence imaging after viral delivery of the binding/activation-domain hybrid, luciferase expression from the Tg G4F(ϩ/Ϫ) reporter animals was directly visualized and could be used to study viral uptake, localization, and retention over time. As could be clearly seen from the results, different viral delivery methods yielded a variety of responses. Systemic injection (i.v.) of Ad-Gal4 virus resulted in the highest inducibility (4 orders of magnitude) and fastest transactivation of the reporter (Ͻ24 h) and was detected primarily within the liver, as expected. After i.v. injection, modest reporter activation in spleen and kidney could also be visualized ex vivo. Adenovirus-mediated signal induction by Ad-Gal4 in muscle, however, was low and corresponded well with the known low expression in muscle of the Coxsackie virus B Ad receptor (CAR) (22) , a receptor necessary for cell uptake of the virus. Nonetheless, that a variety of tissues low in CAR levels were readily visualized after adenoviral injections emphasized the sensitivity and high inducibility of this transactivating Tg G4F(ϩ/Ϫ) reporter strain. Conversely, no reporter activation was detected in mice treated with a control off-target adenovirus (Ad-Cre).
Several other conditional luciferase pan-reporter mice have been described. The Berns group generated a LucRep reporter mouse strain wherein a constitutive ␤-actin promoter drives a floxed GFP upstream of Fluc (23) . Cre-dependent Fluc expression was observed in every organ analyzed with signal increases of 4-to 6-log per mg of tissue ex vivo. Although signals produced ex vivo and in vivo are difficult to compare to each other and across animal models, it may be instructive, nonetheless, to note that delivery of Ad-Cre particles to the lungs of compound LucRep/Cre-dependent Kras2 v12 mice produced relative photon fluxes on the order of 10 6 photons/sec. By comparison, delivery of Ad-Gal4 to respiratory epithelia of Tg G4F(ϩ/Ϫ) mice produced 10 7 photons/sec. The same LucRep strain crossed to a compound prostate-restricted (ARR2PB) Cre-mediated PTEN-null mouse produced a 5-to 50-fold increase in pelvic bioluminescence with prostate tumor growth (24) . Alternatively, targeted knockin strategies were used to generate a ROSA26 floxed-stop Fluc conditional reporter strain (25) . After i.v. and intracranial delivery of Ad-Cre to ROSA26 floxed-stop Fluc mice, maximal bioluminescence signals produced by recombination within liver and brain were on the order of 10 6 and 10 5 photons/sec/cm 2 / steradian, respectively, lower than the bioluminescence signals of 10 9 and 10 6 photons/sec/cm 2 /steradian produced by transactivation in Tg G4F(ϩ/Ϫ) mice similarly injected with Ad-Gal4. Indeed, the efficiency of Cre-dependent recombination at the ROSA26 locus remains under rigorous investigation (23).
Iyer et al. (26) describe the generation of a transgenic mouse model in which a tissue-restricted Gal4 promoter drives expression of Fluc. In contrast to the Tg G4F(ϩ/Ϫ) universal reporter strain described herein, the reporter and effector targeting genes were linked on a single construct and thus, tissue-restricted expression of the Gal43Fluc cassette was transactivated by the weak prostate-specific antigen promoter (PSA) driving a Gal4BD-(VP16) 2 fusion construct. Modest hormone-dependent bioluminescence signals were identified, as would be expected, in the dorso-lateral prostate (Ϸ10 6 photons/sec/cm 2 /steradian). Using a similar strategy, Wang et al. (27) also linked effector and reporter targeting genes, in this case comprising a VEGF promoter driving a Gal4BD-(VP16) 2 fusion to transactivate Gal43Fluc, revealing an 8-fold increase in bioluminescence upon VEGF activation during wound healing (27) . The investigators reported that pairing the Gal4BD-(VP16) 2 or the Gal4BD-VP16 transactivators with five concatenated Gal4 sequences (G 5 ) driving the reporter resulted in high absolute reporter signals, but at the cost of high background before induction. Overall, pairing the Gal4BD-(VP16) 2 transactivator with two concatenated Gal4 sequences (G 2 ) driving the reporter provided a reasonable compromise between low background and acceptable fold-inducibility. In effect, experiments with our Tg G4F(ϩ/Ϫ) universal reporter strain comprised transactivating five concatenated Gal4 sequences (G 5 ) with an exogenously delivered Gal4BD-VP16 fusion to drive expression of the Fluc reporter, resulting in a strain with favorably low background and extremely high inducibility. Whether gene locus-specific effects on the Fluc reporter or modes of transactivation underpin differences in reporter magnitude and behavior remain to be determined.
To demonstrate that the Tg G4F(ϩ/Ϫ) universal reporter strain could also be used to study more complex systems, such as protein-protein interactions in vivo, we transfected mouse hepatocytes with expression cassettes encoding a well known interacting protein pair, p53 (fused to Gal4BD) and large T-antigen (fused to VP16). A 48-fold induction of bioluminescence was observed upon expressing the interacting pair, a level far greater than that detected with noninteracting pairs. We also successfully demonstrated that the p53/TAg protein-protein interaction system could be abrogated in the presence of a siRNA targeted to p53. Binding and dissociation of proteins frequently are dynamic processes, and thus, protein-protein interactions are modified by physiological and pathophysiologic conditions that exist only in intact organisms. Development and application of noninvasive imaging techniques for monitoring protein-protein interactions should enable investigations of mechanisms that regulate the dynamics of protein complexes in vivo, as well as small molecule inhibitors and related therapeutics. However, future studies remain to establish at what level transient and weak protein interactions can be detected in vivo.
In summary, we have generated a Gal43Fluc transgenic reporter strain with extremely high inducibility, which is amenable to studies on a wide variety of pathways and biological responses. Because the Fluc reporter appears to be widely inducible, readouts are not limited to one tissue, but can be applied to a variety of tissues in vivo and ex vivo. Conversely, breeding strategies incorporating transgenic animals selectively expressing Gal4BD-VP16 fusions may unlock investigation into a variety of tissue-restricted imaging queries. This universal Tg G4F(ϩ/Ϫ) reporter strain should enhance access to dynamic analysis in living animals of signal transduction, metabolism, tumor progression and metastasis, cell fusion events, gene therapy, mammalian development, infectious disease, and host response.
Materials and Methods
Additional details are available online as supporting information (SI) Text. G4F(؉/؊) ) Mice. The plasmid contained a polyadenylation site upstream of five consensus repeats of the upstream activation sequence of Gal4 and an adenovirus E1b minimal TATA box driving the firefly luciferase (P. pyralis) gene (derived from pGL3; Promega). Downstream of the expression cassette, the construct contained a SV40 intron and another polyadenylation site to enhance the stability and expression efficiency of the transgene. The purified linear plasmid was injected into pronuclei of fertilized FVB oocytes, which were transferred into pseudopregnant FVB mice (Washington University Mouse Genetics Core). Pups were weaned at 3 weeks of age and tails sampled for DNA analysis.
Generation of Gal43 Fluc Transgenic (Tg
DNA Extraction and PCR.
Mouse tail genomic DNA samples were harvested using a standard phenol/chloroform/isoamyl alcohol extraction protocol. To test for the presence of the transgene, a PCR was performed with primers spanning the entire ORF of the luciferase coding sequence. The primers were 5Ј-ATGGAAGACGCCAAAAACATAAAGAAAGGCCC-3Ј at the 5Ј end and 5Ј-CACGGCGATCTTTCCGCCCTTCTTG-3Ј at the 3Ј end, which amplified a 1.6-kb fragment. PCRs were carried out with each primer, mouse genomic DNA or plasmid DNA of pGL3-control (Promega) using Platinum Pfx Polymerase with Enhancer (Invitrogen).
After hydrodynamic injections, to document the presence of the plasmids encoding the interacting protein pair (pGal4BD-p53 and pVP16-TAg) , DNA was extracted from mouse livers using a tissue kit (Qiagen). The primers to amplify a 235-bp fragment of Gal4BD were 5Ј-CGCTACTCTCCCAAAACCAA-3Ј and 5Ј-CAGTCTCCACTGAAGCCAATC-3Ј; primers to amplify a 186 bp fragment of VP16 were 5Ј-GGACGAGCTCCACTTAGACG-3Ј and 5Ј-AGGGCATCGGTAAA-CATCTG-3Ј. PCR products were fractionated on 1% or 2% agarose gels and visualized with ethidium bromide.
Generation of Recombinant
Viruses. An Ad5Gal4BD-VP16 adenovirus (AdGal4) that incorporated a fusion construct (Gal4BD fused to VP16) was generated by the Gene Transfer Vector Core at the University of Iowa. Ad5CMVCre (Ad-Cre) was purchased from the same facility.
Cell Culture. HeLa cells were transfected with pcDNA6/V5-HisA engineered to contain a concatenated Gal4 promoter driving expression of firefly luciferase in place of a mutant thymidine kinase reporter (19) . Stable clones were selected in the presence of blasticidin, and clone #43 was used for experiments (HeLa Fluc #43). MEF were isolated on day 13.5, as described (28) . Primary mouse fibroblasts were isolated as described in ref. 28 .
Bioluminescence Imaging of Cell Lines. HeLa Fluc #43 cells were transiently transfected with pM3-VP16, a positive control vector that expresses a fusion of Gal4BD and VP16, from the Mammalian Matchmaker Two-Hybrid Assay Kit (Clontech). The next day, cells were imaged in colorless MEBSS containing 150 g/ml D-luciferin as described in ref. 29 using a cooled CCD camera (IVIS 100; Caliper Life Sciences). MEFs (P1) were incubated with DMEM containing polybrene and 4 ϫ 10 7 pfu of Ad-Gal4 for 90 min. After that time, complete medium was added. Cells were imaged after 24 h using 150 g/ml D-luciferin in colorless MEBSS. Primary mouse skin fibroblast cells were cotransfected using a nucleofector device (Amaxa) with pM3-VP16 along with pRluc-N3 (BioSignal Packard) encoding Renilla luciferase as a transfection control. Cells first were imaged for Renilla luciferase activity with MEBSS containing a final concentration of 400 nM coelenterazine. To image firefly luciferase, the media was changed to MEBSS containing 150 g/ml D-luciferin and images acquired with a Ͼ590 nm bandpass filter. Data analysis was performed as described (29, 30) .
Animal Studies. Animal care and euthanasia were approved by the Washington University Medical School Animal Studies Committee. Bioluminescence imaging was performed on the IVIS under 2.5% isoflurane anesthesia at the indicated time points as described (29, 30) . After imaging, animals were killed by cervical dislocation. For i.v. injections, mice were anesthetized with isoflurane before tail vein injections of Ad-Gal4 or Ad-Cre [1.4 ϫ 10 7 pfu per mouse in 100 l of PBS (pH 7.4)]. Imaging of mice was performed by injection of D-luciferin (150 g/g of body weight, i.p.), starting 24 h after virus delivery. On day 2, after imaging in vivo, some mice were killed by cervical dislocation, organs quickly harvested, and immediately imaged ex vivo. For inhalational delivery, mice were anesthetized with ketamine/xylazine mixture. To straighten the airway, mice were hung by their front teeth on twisted surgical tape. Ad-Gal4 or Ad-Cre [2 ϫ 10 6 pfu per mouse in 10 l of PBS (pH 7.4)] was then added dropwise onto the nose. Imaging was performed before virus administration (day 0) and 24 h after virus delivery (day 1) and followed for 9 days. On day 3, a few mice were killed by cervical dislocation, the chest cavity quickly opened, and mice imaged to detect signal originating from the lungs. For intramuscular injections, mice were anesthetized with isoflurane and injected with Ad-Gal4 (2.3 ϫ 10 5 pfu per mouse in 50 l of PBS) into the right calf muscle. The left calf muscle was injected with vehicle alone or Ad-Cre (2.3 ϫ 10 5 pfu per mouse in 50 l of PBS). Imaging was started 24 h after viral inoculation and followed for 4 days. On day 3, a few mice were killed by cervical dislocation, calf muscle quickly harvested, and immediately imaged ex vivo. For intracranial injections, mice were anesthetized with ketamine/xylazine mixture and fixed in a stereotactic frame (Stoelting). Ad-Gal4 [2 ϫ 10 6 pfu per mouse in 10 l of PBS (pH 7.4)] were injected through a 27-gauge needle over 2 min at 2 mm lateral and posterior to the bregma and 3 mm below the dura. The incision was closed with Vetbond (3M). Imaging was performed prior (day 0) and 24 h after virus injection (day 1) and followed for 9 days.
Hydrodynamic Injections. In vivo transfection of mouse hepatocytes was performed using the hydrodynamic somatic gene transfer method as described (29, 31) . Briefly, different plasmid combinations of pM-53 together with pVP16-T or pVP16-CP (Mammalian Matchmaker Kit Two-Hybrid Assay Kit; Clontech) (15 g) and pRluc-N3 (2 g) were combined as indicated. For the shRNAi experiments, different plasmid combinations of pM-53 together with pVP16-T (5 g) combined with pSuper (shRNAi-control) or pRetrosuper-p53 (shRNAi-p53) (50 g) (29, 32) and pRluc-N3 (1 g) as injection control were combined as indicated. Plasmids were diluted in PBS (pH 7.4) in a volume of 1 ml of per 10 g of body weight and rapidly injected into tail veins of mice (29) . Imaging of mice for Rluc and Fluc activity, respectively, was performed before and 24 h after somatic gene transfer by injection of coelenterazine (1 g/g of body weight, i.v.), followed 4 h later (generally no residual signal) by injection of D-luciferin (150 g/g of body weight, i.p.). ؉/-) ) Mice. The plasmid contained a polyadenylation site upstream of 5 consensus repeats of the upstream activation sequence of Gal4 and an adenovirus E1b minimal TATA box driving the firefly luciferase (P. pyralis) gene (derived from pGL3; Promega). Downstream of the expression cassette, the construct contained a SV40 intron and another polyadenylation site to enhance the stability and expression efficiency of the transgene. The purified linear plasmid was injected into pronuclei of fertilized FVB oocytes. Embryos were transferred into pseudopregnant FVB mice. Injections and embryo transfers were performed in the Washington University Mouse Genetics Core. Pups were weaned at 3 weeks of age, and tails were sampled for DNA analysis.
Analysis and
DNA Extraction and PCR. Mouse tail DNA was sampled by incubating the tail snips with SNET buffer [20 mM Tris-HCl, 5 mM EDTA, 400 mM NaCl, 1% (wt/vol) SDS; pH 8.0] that contained 400 g of Proteinase K in a 55°C shaker (Ϸ150 rpm) overnight. For genomic DNA preparation, tail samples were first incubated with 80 g of RNase A at 37°C for 60 min. DNA was then harvested using a standard phenol/chloroform/isoamyl alcohol extraction protocol. DNA was dissolved in water. To test for the presence of the transgene, a PCR was performed with primers spanning the entire ORF of the luciferase coding sequence. The primers were 5Ј-ATGGA AGACGCCAAAAACATA A A GAAAGGCCC-3Ј at the 5Ј end and 5Ј-CACGGCGATCTT-TCCGCCCTTCTTG-3Ј at the 3Ј end which amplified a 1.6 kb fragment. PCR reactions were carried out in a total volume of 20 l containing 250 nM of each primer, 2.5 mM MgCl 2 , either 0.3 g of mouse genomic DNA or 10 ng of plasmid DNA pGL3-control (Promega) using the commercially available Platinum Pfx Polymerase system with 1x Enhancer (Invitrogen).
Following hydrodynamic injections, to document the presence of the plasmids encoding the interacting protein pair, pGal4BD-p53 and pVP16-TAg, DNA was extracted from mouse livers using a tissue kit (Qiagen). The primers to amplify a 235 bp fragment of Gal4BD were 5Ј-CGCTACTCTCCCAAAACCAA-3Ј and 5Ј-CAGTCTCCACTGAAGCC-AATC-3Ј; primers to amplify a 186 bp fragment of VP16 were 5Ј-GGACGAGCTCCACTTA-GACG-3Ј and 5Ј-AGGGCATCGGTAAACATCTG-3Ј. PCR products were then fractionated on 1% or 2% agarose gels and visualized with ethidium bromide.
Generation of Recombinant
Viruses. An Ad5Gal4BD-VP16 adenovirus (Ad-Gal4) that incorporated a fusion construct (Gal4BD fused to VP16) was generated by the Gene Transfer Vector Core at the University of Iowa. Ad5CMVCre (Ad-Cre) was purchased from the Gene Transfer Vector Core.
Cell Culture. HeLa cells were grown in DMEM with 10% heatinactivated FBS and 1% glutamine. Using Fugene 6 (Roche Applied Science, Indianapolis, IN), cells were transfected with pcDNA6/V5-HisA engineered to contain a concatenated Gal4 promoter driving expression of firefly luciferase in place of a mutant thymidine kinase reporter (1). Stable clones were selected in the presence of 2.5 g/ml blasticidin and clone #43 was used for experiments (HeLa Fluc #43).
Mouse embryonic fibroblasts (MEF) were isolated on Day 13.5 as described elsewhere (2) . Cells were grown in DMEM with 10% FBS, 1% L-glutamine, 1% non-essential amino acid mixture, 1% penicillin/streptomycin, and 0.14 mM 2-mercaptoethanol.
Primary mouse fibroblasts were isolated as described (2) . In brief, after shaving, adult abdominal mouse skins (Tg G4F(ϩ/-) and control WT mice) were washed and incubated with 0.3% trypsin/ PBS for 60 min in a 37°C water bath to remove the epidermis. The dermal samples were then cut into small pieces, placed into a 6-well plate and covered with a sterile coverslip. Complete DMEM (DMEM with 10% heat-inactivated FBS, 1% 1M Hepes buffer, 1% L-glutamine, 1% non-essential amino acid mixture, 1% penicillin/streptomycin, and 1% sodium pyruvate) was added to each well. After fibroblast cells had grown out of the skin specimens and the well was confluent, the dermal pieces were removed. Fibroblast cells could then be cultured, passaged and frozen. , and 5.5 mM D-glucose) containing 150 g/ml D-luciferin as described (3) using a cooled CCD camera (IVIS 100; Caliper Life Sciences). MEFs (P1) were incubated with DMEM containing 4 g/ml of polybrene and 4 ϫ 10 7 pfu of Ad-Gal4 for 90 min. After that time, complete medium was added. Cells were imaged after 24 h using 150 g/ml D-luciferin in colorless solution (acquisition time, 1 min; binning, 8; field of view, 15 cm; f/stop, 1; open filters). Primary mouse skin fibroblast cells were cotransfected using a nucleofector device (Amaxa) with pM3-VP16 along with a codon humanized vector pRluc-N3 (BioSignal Packard) encoding Renilla luciferase as a transfection control. Cells first were imaged for Renilla luciferase activity in colorless solution containing a final concentration of 400 nM coelenterazine. To image firefly luciferase, the media was changed to colorless solution containing 150 g/ml D-luciferin. Images were acquired with a Ͼ590 nm bandpass filter. Data analysis was performed as described (3, 4) . Animal Studies. Animal care and euthanasia were approved by the Washington University Medical School Animal Studies Committee. Bioluminescence imaging was performed on the IVIS at the indicated time points as described (acquisition time, 1-60 seconds unless otherwise indicated; binning, 4 or 8; field of view, 15 cm; f/stop, 1) (3, 4). Anesthesia was maintained during imaging by nose cone delivery of 2.5% isoflurane. Following imaging, animals were killed by cervical dislocation.
I.V. Injections. Mice were anesthetized with 2.5% isoflurane before tail vein injections of Ad-Gal4 or Ad-Cre [1.4 ϫ 10 7 pfu/mouse in 100 l PBS (pH 7.4)]. Imaging of mice was performed by injection of D-luciferin (150 g/g body weight, i.p.), starting 24 h after virus delivery. On Day 2, after imaging in vivo, some mice were killed by cervical dislocation, organs quickly harvested, and immediately imaged ex vivo.
Inhalational Delivery. For nasal delivery, mice were anesthetized with ketamine/xylazine mixture (87 mg/kg and 13 mg/kg, respectively) to prevent contamination of the nose cones. To straighten the airway, mice were hung by their front teeth on twisted surgical tape. Ad-Gal4 or Ad-Cre [2 ϫ 10 6 pfu/mouse in 10 l PBS (pH 7.4)] was then added drop-wise onto the nose to ensure that the entire amount was breathed into the respiratory system before continuing. Imaging was performed before virus administration (Day 0) and 24 h after virus delivery (Day 1) and followed for 9 days. On Day 3, a few mice were killed by cervical dislocation, the chest cavity quickly opened, and mice imaged to detect signal originating from the lungs. Intramuscular Injections. For intramuscular delivery, mice were anesthetized with 2.5% isoflurane and injected with Ad-Gal4 (2.3 ϫ 10 5 pfu/mouse in 50 l of PBS) into the right calf muscle. The left calf muscle was injected with vehicle alone or Ad-Cre (2.3 ϫ 10 5 pfu/mouse in 50 l PBS). Imaging was started 24 h after viral inoculation and followed for 4 days. On Day 3, a few mice were killed by cervical dislocation, calf muscle quickly harvested, and immediately imaged ex vivo.
Intracranial Injections. Mice were anesthetized with ketamine/ xylazine mixture (87 mg/kg and 13 mg/kg, respectively) and fixed in a stereotactic frame (Stoelting). Ad-Gal4 [2 ϫ 10 6 pfu/mouse in 10 l PBS (pH 7.4)] was injected through a 27-gauge needle over 2 min at 2 mm lateral and posterior to the bregma and 3 mm below the dura. The incision was closed with Vetbond (3M). Imaging was performed prior (Day 0) and 24 h after virus injection (Day 1) and followed for 9 days.
Hydrodynamic Injections. In vivo transfection of mouse hepatocytes was performed using the hydrodynamic somatic gene transfer method as described (3, 5) . Briefly, for the proteinprotein interaction experiments, different plasmid combinations of 15 g of pM-53 together with 15 g of pVP16-T or pVP16-CP (all from the Mammalian Matchmaker Kit Two-Hybrid Assay Kit; Clontech) and 2 g of pRluc-N3 (BioSignal Packard) as injection control were combined as indicated. For the shRNAi experiments, different plasmid combinations of 5 g of pM-53 together with 5 g of pVP16-T combined with 50 g pSuper (shRNAi-control) or 50 g pRetrosuper-p53 (shRNAi-p53) (3, 6) and 1 g of pRluc-N3 as injection control were combined as indicated. Plasmids were diluted in PBS (pH 7.4) in a volume of 1 ml per 10 g body weight and rapidly injected into tail veins of mice (3) . Imaging of mice for Rluc and Fluc activity, respectively, was performed before and 24 h after somatic gene transfer by injection of coelenterazine (1 g/g BW, i.v.), followed 4 h later (generally no residual signal) by injection of D-luciferin (150 g/g BW, i.p.).
Analysis and Statistics.
Corresponding grayscale photographs and color luciferase images were superimposed and analyzed with LivingImage 2.50 (Xenogen) and Igor (Wavemetrics) image analysis software. Signal intensities for luciferase were obtained from regions of interest defined either with a grid template for cells grown in tissue culture plates or manually for the viral induction sites as well as the hepatocyte transfections. Data were expressed as total photon flux (photons/sec) or as normalized total flux (Fluc photons/sec over Rluc photons/sec). Foldinduction was expressed as normalized posttreatment/ pretreatment images. Values (n ϭ indicated animals within each group) were reported as mean Ϯ SEM or mean Ϯ range.
